Hydrogen atoms unavoidably presented in ZnO samples or thin films during their synthesis considerably affect electrical conductivity. Results of first principles hybrid functional linear combination of atomic orbitals calculations are discussed for hydrogen atoms incorporated in bulk or adsorbed upon non-polar ZnO (1100) surfaces. The energy of H incorporation, atomic relaxation, electronic density redistribution and modification of the electronic structure are compared for both surface adsorption and bulk absorption. It is shown that hydrogen forms a strong bonding with the surface O ions (E ads = 2.7 eV) whereas its incorporation into bulk is energetically quite unfavorable. Hydrogen adsorption reduces the surface energy. Surface hydrogen atoms are very shallow donors, thus contributing to the electronic conductivity and ZnO metallization.
Introduction
Wide-gap semiconductor ZnO with E g = 3.4 eV (at 2 K [1]) continues to attract great attention as a promising material for transparent conductive thin films used in optoelectronic devices, light-emitting diode (LED)-based displays, solar cells, as well as for lasers and ultraviolet LEDs [2] [3] [4] [5] [6] . ZnO application in catalysis (for instance, methanol synthesis), gas detecting systems, hydrogenation and dehydrogenation [2] stimulated a study of the atomic and electronic structure of its surface properties. As is known, the optical, electronic and catalytic properties of ZnO are strongly affected by defects and impurities in the crystalline structure. These could be intrinsic defects, such as oxygen vacancies and interstitial zinc ions. However, first principles calculations [7, 8] argue that the intrinsic defects could hardly play a significant role in the conductivity, since the formation energy of zinc interstitials is quite high, thus, their concentration is low, while oxygen vacancies are found to be deep donors. On the other hand, hydrogen is unavoidably present during the growth of ZnO samples introduced from the atmosphere with residual water or penetrating from plasma after thermal dissociation of molecular hydrogen, and which is believed to increase the ZnO conductivity [9, 10] . Hydrogen atoms could occupy interstitial positions (H i ) or substitute O ions ( [4, 9, [11] [12] [13] [14] and references therein).
Previous theoretical studies mainly focused on hydrogen in ZnO bulk, which has shown hydrogen acting as a shallow donor [8, 12, 15] . However, the effect of hydrogen on the structural and electronic properties of different ZnO surfaces remains unclear. Only a few relevant studies have been published so far, e.g. [16, 17] , and they have been important in improving production technologies of ZnO thin film. In particular, the most relevant to our study are Hartree-Fock calculations of dissociative hydrogen adsorption performed for high surface coverages [18] , generalized gradient approximation (GGA) plane wave study of point defects and water adsorption on non-polar ZnO surface [19] and local density approximation (LDA) plane wave modeling of hydrogen-induced metallization of the (1120) surface [20] . These results will be compared with our calculations performed using a more accurate hybrid functional approach.
The highest growth rate of ZnO thin films is achieved along the c-axis and their external facets, usually (1010) (identical to(1100)) and (1120). By controlling the growth kinetics, it is possible to change the ZnO growth behavior.
In this paper, we have performed ab initio calculations of the atomic hydrogen adsorption on the non-polar ZnO (1100) surface. Similarly to other low-index non-polar surfaces such as (1120), the (1100) surface is also characterized by quite low surface energy (see below). This was established earlier, experimentally, using the methods of ellipsometry and electronic energy loss spectroscopy [21, 22] . To draw conclusions of the hydrogen influence on the electronic conductivity, we have calculated the total and projected densities of the electronic states (density of states (DOS) and projected DOS (PDOS)) which have been accompanied by analysis of the electronic charge redistribution, lattice relaxation, hydrogen adsorption energy upon the surface and energy of its incorporation into the bulk. The paper is organized as follows: details of calculations are discussed in section 2, main results for H incorporated in bulk, as well as properties of perfect and H-covered (1100) surfaces are analyzed in section 3, while main conclusions are summarized in section 4.
Model and method of calculations
Large-scale ab initio calculations have been performed combining the basis sets of the linear combination of atomic orbitals (LCAO) method with the hybrid exchange-correlation Perdew-Burke-Ernzerhof (PBE) functional [23] , as implemented in the CRYSTAL2009 computer code [24] . Such a hybrid functional allows us to perform very accurate calculations of the band gap, unlike the standard LDA or GGA-type functionals. The force gradients with respect to atomic coordinates and lattice parameters are evaluated analytically. The equilibrium structure is determined using a quasi-Newton algorithm with a Broyden-Fletcher-Goldfarb-Shanno Hessian updating scheme [24] . Convergence in the geometry optimization process is tested using the root-mean-square (rms) and the absolute value of the largest component of both the gradients and nuclear displacements. For all atoms, the thresholds for the maximum and the rms forces have been set to 0.000 450 and 0.000 300 au, while those for the maximum and the rms atomic displacements have been chosen to be 0.001 800 and 0.001 200 au, respectively. The basis sets for Zn and O atoms have been taken from [25] while that for H atom from [26] . For the SCF procedure, the accuracies 10 −7 , 10 −7 , 10 −7 , 10 −7 and 10 −14 have been chosen for calculations of the Coulomb overlap, Coulomb penetration, exchange overlap, first exchange pseudo-overlap and second exchange pseudo-overlap integrals, respectively. Effective atomic charges have been estimated using the Mulliken a Results in brackets were obtained using plane wave approach [12] . population analysis. The integration over the Brillouin zone in the reciprocal space has been performed within a 6 × 6 × 4 Pack-Monkhorst grid. When modeling hydrogen absorbed in the bulk, the supercell size effect on structural relaxation, defect energetic and electronic properties has been evaluated by performing calculations with (2 × 2 × 2) and (3 × 3 × 2) periodic supercells (figure 1). Initially, we have calculated the bulk properties of a pure ZnO supercell, which gave reliable results close to the experimental data (table 1). The optimized lattice parameters a and c slightly overestimate those obtained in the experiments (≈ 1%). The error in the estimate of band gap width (≈ 3.6%, figure 2) obtained using hybrid functional calculations has been found to be much smaller than the error in standard GGA calculations (which resulted in a huge underestimate of the band gap: 0.74 eV [12] ). The calculated effective charges indicate considerable covalency of Zn-O chemical bonds whose population is 0.137e. The hydrogen atom has been positioned in the interstitial site near the oxygen atom in a regular lattice, the so-called anti-bonding (AB) configuration perpendicular to c-axis [4, 11] , and the whole ZnO structure has been re-optimized (figure 1). The incorporation energy of the hydrogen atom from plasma into the interstitial position is
where E H/ZnO tot is the total energy of the system with the defect, E ZnO tot that for an ideal structure and E H tot the total energy of an isolated hydrogen atom in the ground state. If the incorporation energy is positive (E i > 0), the incorporation of the hydrogen atom into the ZnO lattice is energetically unfavorable.
For simulation of hydrogen adsorption on the (1100) surface, the slab model of finite thickness along the z-axis and extended by (2 × 2) in the x and y directions corresponding to the periodic distribution of surface hydrogen atoms has been chosen (figure 3). We have considered several hydrogen adsorption positions: above the surface atoms Zn (1), O (2) and in the hollow site (3). In order to save computation time, we have performed partial geometry optimization, in which the relaxation has been provided for three upper layers in the surface slab model. Figure 4 shows the calculated DOS of the defect-free surface slab which is slightly larger than that for the bulk (figure 2).
The energy of hydrogen adsorption has been determined using the following expression:
where E H/ZnO tot is the total energy of the (1100) surface slab with the adsorbed hydrogen atom, E ZnO tot the total energy of the defect-free slab and E H tot the total energy of an isolated hydrogen atom in the ground state. It follows from equation (2) that if adsorption energy is positive, the process is energetically favorable.
Results and analysis

Hydrogen in ZnO bulk
After the structural relaxation (table 2), due to insertion of the AB H atom to both (2 × 2 × 2) and (3 × 3 × 2) supercells, the quasi-bonds O-H are formed with the lengths of 0.982 and 0.979 Å, respectively. They are longer than the experimental bond length of free O-H − group (0.971 Å) by ≈ 1%, and comparable with the bond lengths of other O-H configurations considered earlier [9] . Lateral displacement of surrounding ions in the ZnO bulk is rather small as compared with the z-displacements. The largest Zn (1) and O (4) displacements are 5.8 and 9.6%, respectively (for 2 × 2 × 2 supercell, figure 1), in units of relevant lattice constants a and c, or 16.6 and 17.3% in units of Zn-O distance. These displacements are similar to the values of 18.6 and 20.6% obtained for AB H + positioned perpendicular to the c-axis [9] . Also, as shown in table 2, the atomic displacements are slightly reduced with a decrease of the hydrogen concentration. The Zn (1) and O (4) atom displacements for the hydrogen atom concentration equal to 2.78% (in the case of 3 × 3 × 2 supercell) are 4.6 and 9.3%, respectively (15.8 and 12.3% in units of Zn-O bond length).
The charge distribution analysis shows that the neutral H atom donates ≈ 0.2e to several nearest ions, so this situation differs considerably from the case of a H + being incorporated instead of a H atom (table 3). The population of O-H bonds is 0.132e, whereas the populations for Zn-O bonds around the H atom are reduced to 0.062e. Hydrogen adsorption also affects the effective charges of Zn and O ions, which are smaller than in the perfect crystal (±1e). The effective hydrogen charge is ∼ 0.2e. The smaller the hydrogen concentration, the stronger the O-H bonding (bond population is ∼ 0.166e and bond length is ∼ 0.979 Å).
Analysis of DOS for ZnO with H i in the bulk (figure 5) shows the two effects: (i) narrowing of the band gap (E g = 2.72 eV for 6.25% H concentration) and (ii) H contribution in a wide energy spectrum below and within the conduction band. Such a broad H band can appear from a relatively high defect concentration used in our calculations (6.25 and 2.78%) and a close position of the H atom energy level to the bottom of the conduction band. This is in qualitative agreement with previous conclusions about H i as a shallow donor [8, 9] . (The hybrid B3LYP functional calculations for the 400-atom supercell predicted H energy position only 0.1 eV below the conduction band [15] and length of 0.98 Å for O-H bond was very similar to our result.) The strong interaction between hydrogen and oxygen is also observed in the differential electron density map ( figure 6(a) ), accompanied by a strong polarization of surrounding atoms. The calculated energy of an isolated H atom incorporated into a (2 × 2 × 2) ZnO supercell is 1.80 eV. Similar calculations for the larger (3 × 3 × 2) supercell, where an interaction of periodically distributed H i atoms is smaller, gave a slightly larger value of 1.88 eV. However, since hydrogen atoms are initially bound in H 2 molecules, the logical reference state could be a H atom in the free H 2 molecule, which could be presented as a sum of the energy of a free H atom and half the binding energy of a H 2 molecule (2.26 eV) [28] .
Respectively, the incorporated energy also has to be reduced by half the binding energy in a H 2 molecule, which results in the values of 0.67 and 0.75 eV for both simulated supercells, respectively. This in good agreement with the value of ∼ 1 eV obtained in the GGA calculations used as the reference state energy of a H atom in a free H 2 molecule [9] .
Hydrogen upon the surface
Similar calculations have been performed for hydrogen adsorbed on the non-polar (1100) surface ( figure 3) . First, the surface energy has been calculated as a function of a slab thickness and has been compared with that for other (1120) non-polar surfaces. Table 4 shows that the (1100) surface energy varies only slightly with the increase of the number of layers. Therefore, the six-layer slab model has been selected for calculations on both: (i) the relaxation of surface geometry; and (ii) the electronic properties of a pure surface. The analysis of the absolute and relative displacements of surface ions shows that after slab relaxation, the surface Zn ions are displaced inwards to the slab center, whereas O ions are shifted outward, which is typical for metal oxide surfaces. This leads to a relatively small surface rumpling.
The calculated surface energy for ZnO (1100) is close to that for other low-index non-polar surfaces (1120) [21, 22, 29, 30] . The effective charges on the (1100) surface are smaller than in the bulk, which indicates the increased covalency of surface Zn-O bonds. The calculated displacements of atoms on the defect-free (1100) surface are: −0.212 Å (O) and −0.426 Å (Zn), in accordance with the aforementioned tendency.
The hydrogen atom adsorption energies, effective atomic charges, vertical atomic displacements and distance between hydrogen adsorbate and surface have been calculated for three a) b) Figure 6 . Differential electron density plots are drawn for the hydrogen atom positioned (a) in the (2 × 2 × 2) ZnO bulk and (b) atop O ions on the ZnO (1100) surface. The solid (red) and dashed (blue) isolines correspond to positive (excess) and negative (deficiency) electron density, respectively. The increment for isolines is 0.008e within the range from −0.3 to 0.1e. possible positions on the surface shown in figure 3 . The results are summarized in table 5. As can be seen, the most energetically favorable is the H atom location atop the surface oxygen ions (E ads = 2.7 eV). It was found that adsorption of a single H atom in the hollow position is also energetically possible (E ads = 0.4 eV). However, as mentioned at the end of section 3.1, if hydrogen atoms before adsorption were produced by dissociation of H 2 molecules, the adsorption energy with such a reference state will be smaller than in table 5 by half of the H 2 binding energy. This means that only adsorption atop surface O atoms would be energetically favorable with the binding energy of 1.58 eV, whereas other configurations, especially atop Zn, turn out to be unfavorable. The increase of H coverage, beginning with 1 /4 monolayer (ML) up to 1 ML, leads to the increase of the binding energy of H atop the surface O ions from 2.7 to 4 eV, whereas its adsorption atop Zn remains unfavorable. Finally, in the case of H adsorption atop all surface Zn and O ions (200% coverage), the average H adsorption energy is 3.14 eV. It is smaller than the H adsorption energy atop the surface O ions only (100%), due to a weak bonding atop Zn ions. At any rate, H adsorption atop the surface O ions is always energetically preferable, which was confirmed by the high resolution electron energy loss spectroscopy, whereas H adsorption in position above the surface Zn ion was not observed at all [31] [32] [33] . Table 5 also shows displacements of the surface Zn and O ions along the z-axis due to the presence of hydrogen on the surface. A comparison with ionic displacements on a perfect surface shows that O ions lie higher than Zn ions. The low electron energy diffraction data for the (1010) surface [34] give a similar pattern: −0.05 Å (O) and −0.45 Å (Zn).
The length of the chemical bond between the hydrogen and surface oxygen ion is d O-H = 0.96 Å, which is considerably shorter than that in the bulk, whereas its bond population is 0.215e, which is much larger than that in the bulk. The same strong interaction between the hydrogen atom and surface oxygen ion, as in the case of the ZnO bulk, is also observed in the differential electron density map ( figure 6(b) ). An increase of H coverage leads to a weakening of the O-H bonds. For 50% coverage, the bond population has been found to be ≈ 0.13e (0.13e in Hartree-Fock calculations [18] ), whereas for 100%, it is only 0.074e. Table 5 shows clearly that the atomic charges of oxygen atoms below adsorbed H atoms decrease with the growth of adsorbate concentration due to both the electron density transfer toward surface Zn ions and reduced charge transfer from adsorbate to surface (see effective charges on H atoms). Interestingly, H atoms located atop surface Zn ions do not donate but receive electronic density from metal (in agreement with the Hartree-Fock study [18] ). The length of the chemical bond (∼ 1.6 Å) between H and the surface Zn atoms is very large, which reflects instability of such a configuration.
The calculated relaxation energy for the hydrogenated surface (0.35 J m −2 ) is in line with the theoretical prediction [35] that the adsorbed hydrogen reduces the surface energy (0.73 J m −2 for a perfect surface). As follows from the analysis of the DOS for different hydrogen surface positions, the hydrogen adsorbed on the surface Zn ions reveals no energy levels in the gap, whereas hydrogen atop surface O ions could be characterized as a shallow donor (figure 7), as in the case of the ZnO bulk. Already at 25% coverage, the adsorbed hydrogen shows the DOS (in the energy range overlapping the bottom of the conduction band) as much higher by amplitude than that in the bulk, thus, transforming the ZnO thin films into a conducting state (metallization). In the case when all surface Zn and O ions are covered by H atoms (200%), the system becomes insulating again (in agreement with previous studies [31] ) but unstable since the binding atop Zn ions is not energetically unfavorable. Figure 8 confirms the suggestion made in previous studies [16, [18] [19] [20] that the surface metallization is a consequence of adsorbate-induced partial occupation of the Zn(4 s) conduction band (which is in agreement with our analysis of the atomic charges presented in table 5).
Conclusions
As a result of the first principles hybrid functional LCAO calculations, we have obtained the atomic and electronic properties of ZnO doped with atomic hydrogen in the bulk and on the non-polar (1100) surface. Analysis of the electronic structure of ZnO bulk confirms that interstitial AB hydrogen is a shallow donor. However, incorporation energy of hydrogen atoms from the external atmosphere into interstitial positions is predicted to be energetically costly (1.8-1.9 eV), whereas H adsorption atop surface O ions is energetically strongly favorable (2.7 eV). We would expect a high concentration of in-growth H present on ZnO surfaces with a considerable contribution to the electronic conductivity (surface metallization). Thus, our study confirms this conclusion based on less accurate theoretical methods [18] [19] [20] . information available at www.vbbkc.lv). Most of the calculations were performed at the Stuttgart Supercomputing Center (HLRS Project DEFTD 12939).
